Background: The impact of contemporary chemotherapy treatment for childhood acute lymphoblastic leukemia on central nervous system activity is not fully appreciated. Methods: Neurocognitive testing and functional magnetic resonance imaging (fMRI) were obtained in 165 survivors five or more years postdiagnosis (average age ¼ 14.4 years, 7.7 years from diagnosis, 51.5% males). Chemotherapy exposure was measured as serum concentration of methotrexate following high-dose intravenous injection. Neurocognitive testing included measures of attention and executive function. fMRI was obtained during completion of two tasks, the continuous performance task (CPT) and the attention network task (ANT). Image analysis was performed using Statistical Parametric Mapping software, with contrasts targeting sustained attention, alerting, orienting, and conflict. All statistical tests were two-sided. Results: Compared with population norms, survivors demonstrated impairment on number-letter switching (P < .001, a measure of cognitive flexibility), which was associated with treatment intensity (P ¼ .048). Task performance during fMRI was associated with neurocognitive dysfunction across multiple tasks. Regional brain activation was lower in survivors diagnosed at younger ages for the CPT (bilateral parietal and temporal lobes) and the ANT (left parietal and right hippocampus). With higher serum methotrexate exposure, CPT activation decreased in the right temporal and bilateral frontal and parietal lobes, but ANT alerting activation increased in the ventral frontal, insula, caudate, and anterior cingulate. Conclusions: Brain activation during attention and executive function tasks was associated with serum methotrexate exposure and age at diagnosis. These findings provide evidence for compromised and compensatory changes in regional brain function that may help clarify the neural substrates of cognitive deficits in acute lymphoblastic leukemia survivors.
, and specific cognitive domains, including processing speed, executive function, and attention (9, 16) .
Attention involves prioritized processing of information in the face of competing information. A contemporary network theory defines three functional components of attention: alerting, orienting, and conflict (17) . Alerting subsumes increasing and maintaining an alert state. Orienting involves selection of target information among numerous sensory inputs. Conflict involves engagement of complex mental operations during detection and resolution of conflict by shifting attention.
Functional magnetic resonance imaging (fMRI) plays an important role in understanding neurocognitive late effects in cancer survivors (18, 19) . ALL survivors treated with chemotherapy display smaller cortical volumes of the left hippocampus, amygdala, thalamus and nucleus accumbens (20) , lower white matter volume (12, 21, 22) , and altered fractional anisotropy compared with healthy controls (22, 23) . Poor neurocognitive performance is associated with smaller white and grey matter volume (12, 21, 22) . Recently, we reported higher plasma concentration of MTX to be associated with executive dysfunction, thicker cortex, and higher brain activity in frontal regions (9) . However, the causes of neurocognitive deficits in ALL survivors remain unclear, and elucidation of the neural basis is needed to design and evaluate remedial cognitive interventions (24, 25) . We conducted an fMRI study in a large cohort of long-term survivors of childhood ALL treated with chemotherapy alone to investigate neural systems for attention and executive function that may be disrupted by methotrexate exposure. Given the role of frontal brain regions in the modulation of attention and executive function, we expected activity in these regions to be associated with treatment intensity.
Methods

Study Population
This study was approved by the Institutional Review Board at St. Jude Children's Research Hospital, and written informed consent was obtained from survivors and/or their parents. Between 2000 and 2010, 408 children were treated on the Total Therapy XV chemotherapy protocol (ClinicalTrials.gov, NCT00137111) (1) . To be eligible for the current long-term follow-up, survivors had to be five or more years postdiagnosis and ! 8eight or more years of age. Survivors were excluded if English was not their primary language; if they relapsed, received cranial radiation, had a history of head injury or neurological condition unrelated to ALL treatment; or if they had been diagnosed with a genetic disorder associated with neurocognitive impairment (eg, Down syndrome). No survivors were prescribed psychotropic medication such as methylphenidate or atomoxetine at the time of testing. Of the 302 eligible survivors, 213 (71%) completed neurocognitive testing, and evaluable imaging data were obtained for 165 (78%).
Treatment
Children were treated with either low-risk or standard-risk therapy approaches, based on established risk parameters. The lowrisk arm received [13] [14] [15] [16] [17] [18] (35) , survivors were instructed to push a button for every letter except X. The fMRI-CPT was presented in a block design, with periods of task performance interleaved with control periods, during which the survivors simply maintained fixation on a small cross at the center of the screen. The ANT was recreated from Fan et al. (34) , in which stimuli consisted of a row of five arrows (1 central and 4 flankers) pointing either left or right, with counter-balanced directional frequency. Three cue conditions were used for orientation before the stimulus: a center cue, a spatial cue, and no cue. The survivors' task was to respond to the direction of the center arrow (target condition), which was either congruent or incongruent with the flankers. Incongruent flankers require cognitive flexibility.
Statistical Analysis
Neurocognitive performance was transformed into ageadjusted standard scores using normative data. Performances between survivors and population norms were compared using one-sample t tests and P values adjusted for false discovery rate, and only measures that differed from normative data were examined for associations with treatment exposure. Descriptive statistics were calculated using R software (http://cran.r-project. org/) for demographics and task performance during neurocognitive (raw scores and standardized scores) and fMRI testing. Correlations were tested using Pearson's test. Repeatedmeasures analysis of variance was used to examine change in behavioral performance across multiple task conditions. Image data analysis was performed using Statistical Parametric Mapping software (SPM8, Wellcome Institute of Neurology, London, UK). Functional images from each survivor were realigned to correct for interscan head motion, normalized to the Montreal Neurological Institute brain template and smoothed with a Gaussian kernel of 6 mm full width at halfmaximum (FWHM). The smoothed and normalized images were resliced to 2 mm isotropic resolution. Preprocessed images were analyzed using fixed-effects general linear models, with task-induced activity modeled as a boxcar function and treating low-frequency signal components as nuisance covariates. Statistical contrasts were calculated to identify attention networks. Contrast images from each survivor were used as variables in second-level random-effect analyses to identify group patterns of brain activation.
Specific clinical and neurocognitive variables, selected a priori based on our previous publications (5,10,16), were tested for correlations and entered in multivariable models to identify brain areas where activity was associated with behavioral performance. Voxel-level analysis was conducted with family-wise error correction for multiple comparisons, with a minimum cluster size of 5 voxels (T threshold ¼ 3.5). Additional cluster-level analysis was conducted with a voxel uncorrected threshold P value of less than .001 and minimum cluster size of 5 voxels. Effects were considered statistically significant for a corrected P value of less than .05. The anatomical name reported for each supratentorial cluster of activation was determined with the Talairach demon, and the location of clusters was crosschecked by visual comparison with the Talairach atlas.
All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant (available online). Table 1  (available online) . Compared with population norms, survivors demonstrated higher rates of impairment on number-letter switching (P < .001), verbal fluency (P < .001), digit span backward (P ¼ .004) and forward (P < .001), Rey copy (P < .001), block design (P ¼ .001), grooved pegboard (P < .001), coding (P < .001), and letter sequencing (P ¼ .002). Results from multivariable general linear models for prediction of executive dysfunction are reported in Supplementary Table 2 (available online). Methotrexate exposure was higher in survivors with impaired executive function (methotrexate AUC P ¼ .048) and processing speed (total TIT counts P ¼ .02) compared with survivors without impairment.
Results
Behavioral Performance
Reaction time for incongruent stimuli was longer than for congruent stimuli (P < .001); the fastest responses were obtained with spatial cues, whereas no cues led to the slowest responses (Table 2) . Behavioral performance on the CPT and ANT when administered in the clinic was similar to performance when administered during fMRI scanning (CPT reaction time correlation: r ¼ .61, P < .001; ANT conflict: r ¼ .48, P < .001) (Supplementary Table 3 , available online). The fMRI CPT commission rate was modestly correlated with fMRI ANT alerting and conflict scores (r ¼ .27, P ¼ .001, and r ¼ .28, P < .001, respectively). CPT performance during fMRI was associated with cognitive flexibility, working memory, omissions, variability, and detectability during clinical testing (Table 3 ). The ANT conflict score was associated with verbal fluency, variability, and omissions (Table 3 ). Age at diagnosis was associated with fMRI CPT and ANT task performances. Omissions were higher for those diagnosed at a younger age (r ¼ -.35, P < .001). Survivors who were younger at diagnosis showed higher alerting (r ¼ -.23, P ¼ .005) and conflict scores (r ¼ -.28, P < .001). Neither methotrexate dose or exposure nor sex was associated with task performance during fMRI (P > .05). 
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Results of random-effects analyses for fMRI CPT and ANT tasks are presented in Table 4 . Higher brain activation during CPT (task main effect, CPT > control fixation) was identified in the right cerebellum, bilateral insula, left thalamus, right midfrontal, left fronto-parietal, and right anterior cingulate cortices (Figure 1, red) . During the CPT task, younger age at diagnosis was associated with lower brain activation in the bilateral superior temporal and parietal cortices (Figure 2 , red). Higher methotrexate exposure was associated with lower brain activation (CPT > fixation) in the bilateral midfrontal, parietal, and right temporal areas (Figure 2, green) . The ANT alerting effect (index of arousal) center cue compared with no cue condition showed higher brain activation in the right midtemporal and bilateral fronto-parietal cortices (Figure 1, pink) . ANT orienting activity (index of spatial orientation), defined as spatial cue trials compared with center cue trials, was found in the right lingual gyrus and bilateral occipital cortex (Figure 1, blue) . ANT conflict (index of flexibility), defined as incongruent trials vs congruent trials, activated the bilateral insula, bilateral temporo-occipital, and right frontal cortices (Figure 1, green) . Higher methotrexate exposure was associated with higher ANT alerting activity in the bilateral frontal cortex, anterior cingulate cortex (ACC), and basal ganglia (Figure 2,  pink) . Younger age at diagnosis was associated with lower conflict resolution in the left parietal lobe and right hippocampus/ parahippocampal gyrus (Figure 2, blue) . A schematic representation showing associations between brain activity during the CPT and the ANT and clinical risk factors (age at diagnosis and methotrexate exposure measured as area under the curve) in long-term survivors of ALL is illustrated in Figure 3 . No statistically significant association between brain activation and sex was found.
Discussion
Our study represents the largest cohort of long-term survivors of ALL treated on a single, contemporary chemotherapy-only protocol for which fMRI was used to assess brain networks related to attention and executive function. Patterns of activation show heterogeneous regional brain responses, with reduced activation in distinct areas, suggesting compromised task involvement, and increased activation in other areas, suggesting compensatory task involvement. Brain activation during attention tasks was associated with age at diagnosis and exposures to intravenous HDMTX, important risk factors for cognitive deficits in children treated for leukemia. Children diagnosed at a younger age showed decreased activity in areas involved in conflict resolution and sustained attention. Increased and decreased activation in regions involved in alerting and sustained attention, respectively, were associated with higher HDMTX exposure. Increased activity in prefrontal brain regions during the ANT and decreased activity in parietal and temporal regions during the CPT were associated with higher methotrexate exposure and may suggest increased effortful processing to compensate for inefficiency in posterior brain regions (Figure 3) .
Younger age at diagnosis and higher methotrexate exposure were associated with lower CPT brain activation in the right temporal and bilateral fronto-parietal regions. These regions are part of the ventral and dorsal attention networks and are known to be involved in response inhibition, shifting of attention, language, executive functions, and decision-related processes (17, 36, 37) . CPT performance during fMRI was similar to performance on the CPT during clinical testing, which did not differ from the normative population. However, lower activation, years after diagnosis, suggests diminished engagement of these brain regions during sustained and selective attention related to treatment. Thus, although survivors' performance on 
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this simple attention task was sufficient, decreased brain activation with increased methotrexate exposure suggests that these temporal and fronto-parietal regions may have been affected by therapy (38) . Lower activation related to conflict resolution was found in the right hippocampus and left parietal areas in survivors diagnosed at younger ages. The hippocampus is a site of postnatal neurogenesis, and therapy-induced hippocampal damage has been proposed to play a role in neurocognitive impairment among cancer survivors (39) . Previous studies have reported smaller cortical surface area and volume in the hippocampus among long-term ALL survivors compared with healthy controls (20, 40) . In survivors of ALL one year off chemotherapy, sustained attention problems were identified more often in children exposed to intravenous HDMTX compared with standard treatment (7) . Consistent with previous results (9), our study highlights increased brain activation (ANT alerting) related to higher methotrexate exposure in frontal areas, the basal ganglia (caudate nuclei and putamen), and the anterior cingulate cortex. Increased activity in these frontal and subcortical areas seems to be compensating for damaged or inefficient brain regions in order to achieve a comparable level of behavioral performance in survivors exposed to higher doses of methotrexate. Previous studies have reported smaller volumes of basal ganglia and ACC in long-term survivors of ALL compared with sex-and age-matched controls (40, 41) . The midfrontal gyrus and the basal ganglia have been implicated in efficient processing of warning signals involved in generating anticipatory responses (42) . The basal ganglia play a role in a wide range of functions, from movement control and sensory feedback to set-shifting, attention, visual perception, memory, learning, and executive functions (43, 44) . The basal ganglia have high metabolic demands during childhood, and thus might be especially vulnerable to treatment-induced injury (45) . The caudate nucleus of the basal ganglia is part of the frontostriatal circuit supporting executive functions (46) , and caudate damage can lead to impaired planning and problem solving, attention, learning, memory, and verbal fluency (47-49). The central role of the ACC 
has been repeatedly reported to involve executive control and conflict resolution (34, 50, 51) . Elevated task-related activity in these areas suggests compensatory engagement for behavioral performance in alerting. Findings of altered activation in prefrontal and anterior cingulate cortices during sustained and shifting attention are consistent with studies of phenotypes of attention deficit hyperactivity disorder (ADHD) and executive dysfunction in a variety of developmental and acquired brain injury populations. ADHD and executive dysfunction have been associated with reduced thickness in dorsolateral and anterior cingulate frontal cortices (52) , as well as reduced size of frontostriatal white matter tracts (53) . Functional activation in these areas during performance on attention and working memory tasks is reduced in individuals with ADHD (54) . Unlike previous studies in developmental ADHD, we found compensatory increased activity in the anterior cingulate cortex for ANT alerting to be related to higher exposure to methotrexate. These differences in anterior cingulate cortex activation might be related to differences in genetic variation vs acquired injury on brain function (ie, the result of methotrexate exposure in an otherwise healthy brain).
Performance on the Rey Copy and Grooved Pegboard tests was below the normal range but did not correlate with fMRI task performance. Pathophysiological correlates of impairment on these tests remain unknown. Further research is needed to investigate why compensatory mechanisms failed for organization/planning and motor speed in ALL survivors and to clarify how changes in brain activation sustain normal performance on other tasks. Moreover, ANT alerting and orienting performance during fMRI did not correlate with other clinical measures, and it remains unclear whether this performance is at a normal level or impaired. Future studies are necessary to investigate the clinical relevance of the ANT alerting-and orientingrelated brain activation changes in survivors of childhood ALL.
Our results must be interpreted in light of several limitations. The study did not include a typically developing control group. However, our sample size and clinical data permitted examination within relatively wide age ranges and treatment with varying amounts of methotrexate. We did not track which of the two MRI scanners was used for each participant and could not adjust for this variable. However, both scanners are 3T from the same manufacturer, and slight differences in scanner might add to error variance, weakening power to detect differences, though this would not account for statistically significant differences. The number of fMRI tasks was limited because the study was focused on understanding brain networks associated with attention and executive functions. Other cognitive domains, including working memory, will need to be studied in the future. We did not have fMRI data before diagnosis or during therapy with which to compare long-term survivorship. The peak age at diagnosis for ALL is between two to four years, and therapy typically begins the day after diagnosis. Thus, engagement of such young children systematically in fMRI activation tasks is not feasible.
Despite limitations, this study shows that attention and executive function-related brain activation is associated with Continuous performance task activation decreased in survivors diagnosed at a younger age in bilateral superior temporal and bilateral parietal cortices (red) and decreased with methotrexate area under the curve (MTX AUC) in the bilateral midfrontal, parietal, and right middle temporal areas (green). Conflict-related activity decreased in survivors diagnosed at younger ages in the left parietal lobe and right hippocampus (blue). Alerting-related activity increased with MTX AUC in the bilateral frontal, caudate nuclei, left putamen, and anterior cingulate cortex (pink). CPT ¼ continuous performance task; MTX AUC ¼ methotrexate area under the curve. Decreased activation in younger survivors could imply a compromised task involvement. Increased activity in prefrontal and subcortical brain regions during the attention network task (ANT; pink) and decreased activity in parietal and temporal regions during the continuous performance task (CPT; green) were both associated with higher methotrexate exposure and may suggest increased effortful processing as a method to compensate for inefficiency in posterior brain regions in patients at highest risk for attention deficits. Red: CPT-age at diagnosis; blue: conflict-age at diagnosis; green: CPT-methotrexate AUC; pink: alerting-methotrexate AUC. CPT ¼ continuous performance task; MTX AUC ¼ methotrexate area under the curve.
